• Carbon dioxide was removed by the staggered adsorption system successful • The adsorption capacity can be quickly obtained from microbalance adsorption system • The configuration of molecular sieve was affected by the rate of hydrolysis • The staggered system with coating molecular sieve is worthy to be developed • Adsorption of carbon dioxide by molecular sieve is better than methane Abstract A fixed-bed adsorption system was used to remove carbon dioxide in this study. Adsorption isotherms were obtained from a microbalance system and the characteristics of a molecular sieve affected by preparing variables were analyzed. The adsorbents, including a particulate molecular sieve and a molecular sieve membrane, were used to adsorb carbon dioxide in the fixed-bed adsorption system. Since the surface properties of the molecular sieve were affected by the preparation variables, particulate and membrane molecular sieves were synthesized to examine the effects of preparation variables on the adsorption of carbon dioxide. The experimental results showed that the pore size of the molecular sieve has increased with the chain length of quaternary ammonium salts and higher hydrothermal temperature. Adsorption isotherms for carbon dioxide adsorbed by particulate molecular sieve and molecular sieve membrane were favourable. In addition, the breakthrough curve for the lower inlet gas flow rate was closer to that of the particulate molecular sieve under the same amount of outlet fresh air. The results demonstrated that the adsorption system for the staggered alumina carriers coated with molecular sieve membranes is worthy of development.
Gt CO
, and the average annual growth rate in emissions since 2000 was 2.4%. Emissions of CO 2 in Annex I countries decreased by 1.8% due to modest declines in emissions from coal (-3.2%) and natural gas (-2.6%); however, those in non-Annex I countries increased by 2.5%. Global CO 2 emissions increased by 0.3 Gt CO 2 in 2014, and the increase in the emissions of non-Annex I countries was 66%, primarily from coal emissions. Since the growing energy demands of those developing countries are mostly met with coal, CO 2 emissions from the combustion of coal increased by 95% to 24.5 Gt CO 2 in 2014. Emissions of CO 2 from fossil fuel in 2014 were 34% from oil, 46% from coal, and 19% from gas. The current stra-tegy for reducing carbon dioxide emissions is to improve energy efficiency and to increase the use of renewable energy.
Previous studies have reported that the carbon dioxide adsorption performance of the molecular sieve is good [2] [3] [4] [5] [6] . The properties of a molecular sieve can be affected by the preparation conditions, modification of additives, pH-adjusting, and the substrate type or chemical treatment of the substrate. Therefore, the performance for adsorption of carbon dioxide can also be affected by them. For example, Wang et al. [3] fabricated molecular sieve membranes of different thickness and density by controlling the carbonization temperature. They found that the diffusion coefficient of CO 2 in these molecular sieve membranes had a functional dependence on the degree of carbonization. Ahmad et al. [7] varied the pyrolysis temperature, and their experiment in gas permeation found the highest CO 2 permeance in the sample prepared at 700 °C. Liao et al. [8] prepared carbon molecular sieve membranes (CMSMs) by carbonizing Kapton in a three-zone horizontal furnace. The preparation variables included pyrolysis temperature, heating rate, and holding time. Their experimental results demonstrated that the asymmetric microstructure of CMSMs decreases gas permeability and increases selectivity with a longer holding time. The properties of the molecular sieve can be modified by additives, as done in the preparation of PEI(polyethylenimine)-modified MCM-41 by Xu et al. [6] They found that the structure of the MEM-41 was preserved and the PEI was uniformly dispersed into the channels of the molecular sieve. Their results showed that the carbon dioxide adsorption capacity of PEI-modified MCM-41 was much greater than those of MCM--41 and pure PEI. In order to enhance the removal of methyl tert-butyl ether (MTBE) from aqueous solutions, Ghadiri et al. [9] added zeolitic-rich tuff to solutions containing hexadecyl trimethyl ammonium chloride and cetylpyridinium bromide. They found that the Langmuir isotherm was more suitable for fitting adsorption of MTBE by the modified zeolite and the removal efficiency was improved. The method of pHadjusting was used by Shah et al. [10] to synthesize Copper-containing SBA-16 type molecular sieve. They found that pH 5 was the most suitable pH value to apply for adsorption desulfurization of dibenzothiophene (DBT). For treatment of substrate, Chau et al. [11] used acid treatment, deposition of metals and metal oxides, and adsorption of surfactant molecules to modify the property of the support surface. They demonstrated that iron(III) oxide promoted nucleation and the functional groups, -OH and -COOH, provided suitable nucleation sites for the zeolite. They also found that the adhesion of the zeolite membrane can be improved by surface micro-roughness, which can be controlled by acid treatment. Due to the high autogenous pressure associated with hydrothermal procedures, Li et al. [12] prepared aluminophosphate molecular sieve membranes on a porous substrate by ionothermal method, varying substrate type and solution composition.
Applications of molecular sieve membranes include carbon dioxide removal, separation of isomers, pervaporation, and reaction processes. Namba [13] prepared molecular sieve membranes to separate carbon dioxide in air and found that the separation performances of molecular sieve membranes and organic membranes were similar; however, the permeation rates of the synthetic membranes were 5 to 8.5 times that of the organic membrane. For isomers, separation of n-butane and iso-butane, n-hexane and iso-hexane, and n-octane and iso-octane have been the main focus. For example, a separation factor of 40 was obtained by Funke et al. [14] using Silicate-1 membrane to divide n-octane from iso-octane. A separation factor greater than 31 was obtained by Jia et al. [15] and Kapteijin et al. [16] using ZSM-5 and Silicate-1 membranes respectively to divide n-butane from iso-butane at a temperature of 185 °C. In addition to being used for separating alkanes, Silicate-1 membrane was also used by Kapteijin et al. [16] to examine its separation performance for aromatics. A zeolite membrane, ZSM-5/α-Al 2 O 3 , was synthesized by Ma and Xiang [17] to examine separation phenomena in the paraxylene/triisopropylbenzene mixed solution. For the pervaporation of liquid, a nano NaA zeolite membrane synthesized from kaolin was investigated by Kazemimoghadam [18] . From pervaporation of water-ethanol mixtures, the NaA zeolite membrane presented the higher water selectivity in the water-ethanol mixtures. In addition, zeolite-incorporated multilayer poly(vinyl alcohol) membranes were used by Huang et al. [19] to examine the pervaporation process for alcohol aqueous solution. For reaction processes, the dehydrogenation of alkane has been a focus. A ZSM-5 zeolite membrane was used by Zygmunt et al. [20] to examine the dehydrogenation of butane. In addition, a microporous silicalite zeolite membrane was used by Uzio et al. [21] to examine the dehydrogenation of iso-butane.
In addition to being resistant to high temperature, chemical attack, and biological corrosion, and having high mechanical strength and great flux, the molecular sieve also features surface properties that can be changed easily by altering the preparation variables. For example, the silicon and aluminum atoms in the molecular sieve can be replaced with other atoms, and the ratio of silicon to metal can also be changed to control the surface properties. As mentioned above, the molecular sieve was used as adsorbent to capture carbon dioxide in this study. On the basis of the surface properties dependent on the preparation variables and the greater pressure drop resulted from filling with particulate adsorbent, the purpose of this study was to synthesize a molecular sieve to examine the effects of preparation variables on the surface characteristics of the molecular sieve, to set fixed-bed adsorbers packed with molecular sieve particulate and with the staggered molecular sieve membrane, and to test the performance of carbon dioxide adsorbed by them. Therefore, the surface characteristics of the molecular sieve particulate and membrane were checked and adjusted by variables such as the quaternary ammonium salts with different carbon-chain length, hydrothermal temperature, and addition of ethanol to find the molecular sieve suitable for adsorption of carbon dioxide.
EXPERIMENTAL Preparation of molecular sieve particles and membranes
To discuss the effect of carbon-chain length on the synthesized molecular sieve, sodium silicate was used as a precursor and the quaternary ammonium salts with different carbon-chain length were used as a surfactant to prepare the molecular sieve. The quaternary ammonium salts used in this study included n-hexyltrimethylammonium bromide (C-6), n--octyltrimethylammonium bromide (C-8), tetradecyltrimethylammonium bromide (C-14) and octadecyl trimethyl ammonium bromide (C-16). In order to discuss the effect of hydrothermal temperature on the properties of molecular sieve, the hydrothermal temperatures were varied in this study. Therefore, 4.95 g quaternary ammonium salts were dissolved into 25.7 g deionized water at 45, 70 and 100 °C, respectively. Similarly, 9.2 g sodium silicate solution (35%) was dissolved into 9.2 g deionized water at 45, 70 and 100 °C to form sodium silicate aqueous solution. The quaternary ammonium salts aqueous solution were dropped slowly into the sodium silicate aqueous solution by a dropper, and the mixed solution was stirred for 25 min. Then 1 mol/L sulfuric acid was added slowly until the pH value reached 10. The polymer solution was sealed and stirred for 12 h at 45, 70 and 100 °C, respectively. After stirring, the polymer solution was heated in a water bath for 24 h at temperatures from 90 to 100 °C, and then the flocculated polymer solution was filtrated. The wet polymer filtrate was dried in an oven at 100 °C for 24 h. Finally, the polymer was placed into a furnace and heated at 500 °C for 2 h to obtain the particulate molecular sieve.
Previous studies have reported that adding ethanol shortens the spiral intercept of the spherical molecular sieve particles [22] [23] [24] . Generally speaking, the representation for the maximum surface tension is a circle, and the change in shape could be attributed to the decrease in surface tension. Since the addition of ethanol decreases the surface tension of the polymer solution, the molecular sieve particles become short and cylindrical in shape. Furthermore, the surface tension is the result of self-cohesion, and the lower self-cohesion should be advantageous to the process of membrane forming. Therefore, 0.6 g of ethanol was added to the surfactant aqueous solution to modify the properties of the molecular sieve membrane. Hydrothermal synthesis was used to prepare the molecular sieve membrane in this study. The precursor was the same as that for the particulate molecular sieve, and 0.6 g of ethanol was added to the quaternary ammonium salts aqueous solution. Alumina was used as the carrier, and the size of the carrier was 8 mm×8 mm×1 mm. The alumina carrier was placed inside the hydrothermal synthesis reactor, as shown in Figure 1 . The polymer solution was heated to 45, 70 or 100 °C and then injected into the reactor until the carrier was submerged completely. To promote homogeneous growth of the molecular sieve membrane on the carrier, a hydrothermal synthesis reactor with rotating blades was set in the system. The whole hydrothermal synthesis system was placed inside the oven, and the temperature was controlled at 45, 70 or 100 °C for 2 h. The seed thus formed on the carriers due to the state of supersaturation. After the membrane was fabricated completely, the carriers coated with the molecular sieve membrane were rinsed with deionized water. Finally, they were dried at 120 °C for 2 h.
Adsorption test in microbalance and fixed-bed adsorption systems
The amount of carbon dioxide adsorbed by the molecular sieve was determined in two ways. One was in terms of adsorption capacity, measured by the microbalance adsorption system [25] . The advantage of using this system to obtain the adsorption capacity is the small amount of adsorbent needed. Unlike a traditional adsorption system, it does not require much time to conduct an adsorption test. In order to quickly determine the adsorption capacity with the microbalance adsorption system, the system was initially evacuated. The carbon dioxide pressure was controlled in the range from 0 to 1 MPa, and the temperature was maintained at room temperature (23-27 °C) . When the weight reading on the microbalance stopped changing, the equilibrium state was reached and the reading was recorded to calculate the adsorption capacity. The adsorption amounts in Tables 1 and 2 were obtained from the adsorption test by the microbalance adsorption system.
The advantage of the microbalance adsorption system is that it saves time and energy as compared with the traditional fixed-bed adsorption tower. However, the breakthrough curve is not easy to accurately obtain from the microbalance adsorption system. In order to obtain breakthrough curves for carbon dioxide adsorbed by the synthesized molecular sieve, the fixed-bed adsorption system packed with the particulate molecular sieve was used to adsorb carbon dioxide in this study. Since the larger pressure drop would result in the fixed-bed adsorption system being packed with particulate particles, the alumina carriers coated with molecular sieve membranes were stag- gered in the adsorption system to adsorb carbon dioxide, as shown in Figure 2 . The dimension of the adsorption tower was 10.3×10.3×100 mm 3 , and 30 g of molecular sieve were used in the adsorption tower. According to the Material Safety Data Sheet, the permissible exposure limit 8-h time weighted average for carbon dioxide was 5000 ppm, the inlet concentration of carbon dioxide flowing into the fixed-bed adsorption system was controlled at 5000 ppm; that is, the mole ratio of air to carbon dioxide was 1:0.00278. The total volume flow rate for the gas phase was 0.052 L/min for packing with the particulate molecular sieve, and the total volume flow rates for gas phase were 0.052 and 0.046 L/min for packing with the staggered molecular sieve membrane respectively. As in the test in the microbalance adsorption system, the temperature was also maintained at room temperature (23-27 °C). Inlet and outlet concentrations of carbon dioxide were recorded continuously, and the adsorption capacity could be obtained. The amounts of carbon dioxide adsorbed by the adsorption system packed with a particulate molecular sieve and by that set by staggered alumina carriers coated with the molecular sieve membrane were also compared. Considering future application and regeneration time for a molecular sieve, the molecular sieve synthesized by the surfactant quaternary ammonium salts with a carbon chain 14 was selected to discuss adsorption performance in the adsorption system.
In addition to carbon dioxide, a molecular sieve can also adsorb many volatile organic compounds. Since methane has high affinity with the adsorbent and does not react chemically with carbon dioxide at normal temperature, methane was chosen as the other adsorbate to investigate the effects of a non-target adsorbate on the carbon dioxide adsorption capacity of the adsorption system. Following the operation conditions described above, the concentrations of both carbon dioxide and methane were controlled at 5.00 μmol/min, and the volume flow rate for the gas phase was controlled at 0.046 L/min. The operating temperature was maintained between 23 and 27 °C.
Molecular sieve characterization
For determination of the surface properties of the molecular sieve, the manufactured molecular sieve particle and membrane were analysed with a Micromeritics particle size analyser, ASAP 2000. Nitrogen was used to detect the pore size, specific surface area and pore structure. Non-linear density function theory (NLDFT) was used to obtained mesopore and micropore volumes. Software ASAP 2010 V.4.00 and DFT V.1.03 were used for control and analysis.
Powder X-ray diffraction (PXRD) was used to identify the structure of the molecular sieve. When Xrays were scattered by a regular crystal, interference phenomena resulting from the scattered light would produce diffraction. Bragg's law was used as a buildin program in the XRD analyser to calculate the unit cell parameters and to report the intensity of the diffraction signal. The type of PXRD used in this study was MAC science 18MPX powder diffraction, and the incident was CuKα radiation. The operating voltage was 40 kV, and the current was 200 mA. The powder was spread on a glass plate homogeneously, and then the plate was placed in the XRD analyser. The scanning speed was 0.5 °/min, the scan step was 0.02°, and the scanning range was from 0.5 to 3°.
In order to compare the difference between the synthesized molecular sieve with and without adding ethanol, the morphology of molecular sieve was observed by JEOL scanning electron microscope, JSM- Figure 2 . Fixed-bed adsorption system.
-7000F. The operating voltage was from 5 to 10 kV to identify the morphology of the molecular sieve. Molecular sieve samples were dispersed in an ethanol solution, and shocked for 20 min by ultrasonic shockwaves. After drying at room temperature, the sample was coated with platinum by using a vacuum evaporator. Finally, the sample was fed to SEM with 30 kV accelerating voltage to obtain the morphology image.
RESULTS AND DISCUSSION
Data verification Figure 3 compares the adsorption capacity for carbon dioxide adsorbed by the prepared adsorbents in this study with data from previous studies. Data were compared to the experimental data from Belmabkhout et al. [26] who used MCM-41 silica to adsorb carbon dioxide at room temperature. The pressures controlled by Belmabkhout et al. [26] ranged from 0 to 25 bar, so only the adsorption data from 0 to 1.8 MPa were adopted in the present study. As shown in Figure 3a , the adsorption capacities for adsorption of carbon dioxide by MCM-41 conducted by Belmabkhout et al. [26] was less than those in this study below 1.2 MPa. Although the surface area for the adsorbent prepared by Belmabkhout et al. [26] was larger than that in this study, the adsorption capacities in this study were larger than those conducted by Belmabkhout et al. [26] , which might result from the differences in adsorption equipment and preparation process. Activated carbons honeycomb-monoliths were used by Vargas et al. [27] to adsorb carbon dioxide, and the data with similar specific surface area (845-1020 cm 2 /g) were examined in comparison with this study. The adsorption capacities in this study were higher than those from Vargas et al. [27] The results of the above comparison demonstrate the success of the design of the adsorption system and the preparation of adsorbent in this study, and the following issues are discussed.
The adsorption tests for CO 2 and CH 4 were conducted respectively to acquire the separation factors and the adsorption isotherms for CO 2 and CH 4 are shown in Figure 3b . The microporous and mesoporous adsorbents were prepared by using short carbon-chain quaternary ammonium salts (C-6) and long carbon-chain quaternary ammonium salts (C-14) as surfactant, respectively. The adsorption data were fitted by the Langmuir isotherm as follows:
where q is the adsorption uptake (mg/g), q m is the complete monolayer (mg/g), K a is the adsorption equilibrium constant, p e is the equilibrium pressure, and p is the total pressure. Therefore, the separation factor K R found from [28] could be modified as:
where p 0 is the initial pressure. The parameters K a and q could be obtained from regressing data by the Langmuir isotherm. The acquired K a and q m for the mesoporous adsorbents were 53 and 376 for CO 2 and 22 and 121 for CH 4 . Therefore, the separation factors were in the range from 0.021 to 0.727 for CO 2 and in the range from 0.048 to 0.817 for CH 4 . Similarly, the separation factors for the microporous adsorbent were in the range from 0.013 to 0.686 for CO 2 and from 0.032 to 0.759 for CH 4 . The results demonstrated that both CO 2 and CH 4 were favorably adsorbed by molecular sieve due to the separation factor smaller than 1, and the affinity between the molecular sieve and CO 2 was larger than that between CH 4 and the molecular sieve. Since the adsorbent with the larger pore size would decrease the difference in adsorption capacity for the different adsorbates adsorbed by the adsorbent, the difference in adsorption capacity between CO 2 adsorbed by the molecular sieve and CH 4 adsorbed by the molecular sieve was more significant for the microporous adsorbent, as shown in Figure 3b .
Effect of chain length on molecular sieve
Theoretically, the closer the space between the pore and carbon dioxide, the better the adsorption performance. However, factors that determine an appropriate adsorbent include surface area, pore size, regeneration time, and physical and chemical properties between adsorbent and adsorbate. Whether a material becomes a suitable adsorbent should be determined through the experimental procedure.
Mesoporous adsorbent materials were applied to carbon dioxide adsorption, such as silicon, MCM--41 (mobile composite of matter) and SBA-15 (Santa Barbara Amorphous). Moderate pore size (2-50 nm) and volume for mesoporous materials made carbon dioxide having a better mass transfer rate, thereby enhancing the efficiencies of adsorption and desorption processes. Besides, mesoporous adsorbents could be modified by alkanolamine or amine groups to promote the adsorption of carbon dioxide. For example, studies about mesoporous silica modified by polyethyleneimine (PEI) to enhance CO 2 adsorption capacity and to extend adsorption temperature were discussed by MJ et al. [29] . In order to separate carbon dioxide from gaseous streams efficiently, polyethyleneimine was loaded into mesoporous molecular sieve MCM-41 by Xu et al. [30] . In addition, different types of PEI were investigated to further improve the carbon dioxide adsorption separation performance. The surface modification was not focused; however, adsorption capacity and desorption time were considered in this study. The mesoporous molecular sieve with a smaller pore size (2.75-4.66 nm) was prepared in this study.
In order to investigate the effect of carbon-chain length on the molecular sieve, short carbon-chain quaternary ammonium salts (C-6, C-8) and long carbon-chain quaternary ammonium salts (C-14, C-16) were used as surfactants to prepare the molecular sieve, respectively. After the molecular sieves were synthesized, the surface properties of those were measured by ASAP 2000 analyzer. In addition, non--linear density function theory (NLDFT) was used to obtain mesopore and micropore volumes. Tables 1  and 2 show molecular sieve characteristics obtained from ASAP 2000 analyzer and adsorption data obtained from the microbalance adsorption system. The results show that the pore size increased with the length of the carbon-chain. Although a better adsorption capacity for a molecular sieve with more micropores was concluded from Tables 1 and 2 , factors including specific surface area, pore size, and reversibility between adsorption and desorption should be considered in choosing an adsorbent with a suitable pore size. Therefore, several studies related to the adsorption of carbon dioxide by a mesoporous molecular sieve have been published. [6, [31] [32] [33] [34] [35] As the molecular sieve membrane was prepared under the conditions of hydrothermal temperature 45 °C and addition of ethanol, Figure 4 showed the regeneration curves for carbon dioxide desorbed from molecular sieve membrane at 70 °C. Although the capacity of the more mesoporous molecular sieve synthesized from the longer carbon-chain was lower than that of the more microporous molecular sieve synthesized from the shorter carbon-chain, Figure 4 showed that the additional 30-40 min were required for the more microporous molecular sieve to regenerate completely. Considering future application and regeneration time for a molecular sieve, the surfactant quaternary ammonium salts with a carbon-chain 14 was selected as a major surfactant to discuss adsorption performance in the adsorption system. 
Effect of hydrothermal temperature on surface properties
The hydrothermal temperature was controlled at 45, 70 and 100 °C to examine the effect of hydro- [26]  data from Vargas et al. [27] thermal temperature on the surface properties of the molecular sieve. The surface properties of the molecular sieves are shown in Tables 1 and 2 . A larger pore size was obtained with a higher hydrothermal temperature. As shown in Figure 5 , a higher hydrothermal temperature led to a narrower distribution of the pore size and the distribution of the pore size was more homogeneous; however, the molecular sieve with the smaller pore size and the larger surface area was produced from a lower hydrothermal temperature. Therefore, the tests of adsorption isotherms and breakthrough curves for molecular sieves were prepared at 45 °C. Effect of addition of ethanol on the structure of molecular sieve
It has been reported that the rate of hydrolysis of a surfactant can be increased to prepare spherical particles with a shorter spiral intercept [36, 37] ; that is, the particles will be close to the circle particulate. As mentioned above, the appearance of a molecular sieve is dependent on the rate of hydrolysis of the surfactant. Their experimental results demonstrated that adding ethanol reduces the rate of hydrolysis and the condensation of surfactant. They used XRD diffraction spectra to prove these phenomena, and the structure c2mm was converted to the structure Ia3d by adding ethanol to the surfactant solution. Figure 6 shows the XRD diffraction spectra for the particulate molecular sieve using C-14 as surfactant solution with addition of ethanol from 0 to 0.75 g at the hydrothermal temperature 45 °C. The surfactants were initially in the interface between aqueous solution and gas phase, and then micelles were formed from surfactants when the amount of surfactant exceeded the critical capacity in the interface. Because of the hydrophilic and hydrophobic properties of ethanol, ethanol would be located between the micellar hydrophilic end and micellar hydrophobic end as ethanol was added to the quaternary ammonium salts aqueous solution. This behaviour would reduce curvature of the micelles, and the structural conversion from c2mm to Ia3d could be demonstrated by XRD analysis. Figure 6 showed that the structure c2mm was observed in the absence of ethanol, and two diffraction signals (20, 11) were closer when ethanol was added. When the amount of ethanol was increased, the diffraction signal 20 was more significant and the diffraction signal 11 was shifted to the right until the two signals combined together. The diffraction signal was split into two signals when the amount of ethanol was 2 wt.% (0.6 g), and the structure Ia3d could be found. Since the XRD pattern did not change until the amount of ethanol exceeded 0.6 g, this amount was used for molecular sieve fabrication. Figure 7a shows the SEM image for the particulate molecular sieve using C-14 as surfactant solution without adding ethanol at the hydrothermal temperature 45 °C. As shown in Figure 7a , the spherical particles were obtained. Figure 7b shows the SEM image for the particulate molecular sieve using C-14 as surfactant solution with adding 0.6 g ethanol at the hydrothermal temperature 45 °C . Since the rate of hydrolysis and condensation of surfactant were reduced when the surfactant solution contained ethanol, the short-cylindrical particles developed. Mentioned above, the surface tension is a result of self-cohesion. The porosity in the microstructure might result from lower self-cohesion during formation of the molecular sieve. Therefore, the surface properties, including surface area, mesopore volume, and micropore volume, were increased with the addition of ethanol as shown in Tables 1 and 2 . Most of the resulted porosities contributed to the micropore in the structure, and the increases in mesopore volume for the molecular sieve membrane and particulate molecular sieve were limited. Therefore, the increase in surface area could be attributed to the increase in micropore volume, thus resulting in a larger amount being adsorbed. Since the mesopore was the majority for using C-14 and C-16 as surfactant, the change in surface area and adsorption amount were smaller than those for using C-6 and C-8 as surfactant.
As mentioned above, the rate of hydrolysis and condensation of surfactant would be reduced by the addition of ethanol, and the appearance of the molecular sieve would also change. Therefore, the addition of ethanol was also regarded as a preparation variable. SEM images for molecular sieve membrane used C-14 as surfactant solutions with and without ethanol added are shown in Figure 7c and d, respectively. The structure of the molecular sieve membrane in Figure 7c is the denser of the two, and the structure shown in Figure 7d is looser and exhibits some cracking. This result could be attributed to the fact that adding ethanol reduces the rate of hydrolysis and condensation, which decreases the self-cohesion for the micelle. The lower self-cohesion should facilitate cross-linking between micelles, and the dense molecular sieve membrane was formed.
Adsorption test
The carbon dioxide adsorption capacities for molecular sieves using C-14 as surfactant with and without addition of ethanol were measured by the microbalance adsorption system, and the results are shown in Figure 3a . Since the surface areas for molecular sieve using C-14 as surfactant with addition of ethanol were larger than those without addition of ethanol, the adsorption isotherms with addition of ethanol were also higher than those without addition of ethanol. As shown in Tables 1 and 2 , the surface areas for the molecular sieve membrane were larger than that for the particulate molecular sieve, thus Figure 3a shows that the adsorption isotherms for the molecular sieve membrane were higher than that for the particulate molecular sieve. In spite of that, the CO 2 adsorbed by the particulate molecular sieve and molecular sieve membrane shown in Figure 3a were favourable. The result means that the adsorption capacity increases significantly at low pressure, and the affinity between the adsorbate and adsorbent is good. Generally speaking, the pressure will drop as the gas stream flows through a packed bed, and as a result, the outlet gas flow rate will be less than the inlet gas flow rate. The more closely packed the material is, the larger the pressure drop will be. In order to compare the breakthrough curves of the molecular sieve membrane and particulate molecular sieve reasonably, the weights of the molecular sieve membrane and particulate molecular sieve used in the adsorption tower were the same, 30 g. The weights of the molecular sieve membrane did not include alumina carriers for testing in the fixed-bed adsorption system. For the breakthrough curve, the adsorption performance is better for the longer breakthrough time, and the curve from breakthrough time to C/C 0 = 1 is steeper. Comparing solid square and solid circular points in Figure 8a (the same inlet gas flow rate) revealed that the adsorption performance for particulate molecular sieve was better than that for molecular sieve membrane. The surface area presented in Tables 1 and 2 and adsorption isotherms presented in Figure 3a showed that the adsorption capacities for the molecular sieve membrane were better than those for the particulate molecular sieve; however, the particulate molecular sieve was closely packed in the fixed-bed adsorber, which led carbon dioxide to being adsorbed efficiently. Therefore, the breakthrough time and steepness of the breakthrough curve for the particulate molecular sieve with the addition of ethanol was better than others.
The outlet gas flow rate for the adsorption tower packed with the particulate molecular sieve was lower than that of the tower set by alumina carriers coated with the molecular sieve membrane. Since gas flow rate would be affected by the drop in pressure, the difference between inlet and outlet gas flow rates for the particulate molecular sieve was larger than that for the molecular sieve membrane. On the basis of the same weights for both adsorbents, it was difficult to control or change artificially the pressure drops for the installed molecular sieve membrane and particulate molecular sieve in the fixed-bed adsorption system. For the air cleaning system, the amount of outlet fresh air was also an important index. In order to obtain the same amount of outlet fresh air as the particulate molecular sieve in the fixed-bed adsorption system, the lower inlet gas flow rate could be used in the adsorption system set by alumina carriers coated with the molecular sieve membrane. Figure 8a shows that the breakthrough curve for the lower inlet gas flow rate (solid triangular points) was steeper and had longer breakthrough time than those for the larger inlet gas flow rate (solid circular points). Although the adsorption performance for the particulate molecular sieve was still better than that for the molecular sieve membrane, the breakthrough curve for the molecular sieve membrane in the lower gas flow rate was closer to that for the particulate molecular sieve than the larger gas flow rate.
Adsorption behaviours for competitive adsorption were also examined with the breakthrough curves in this study. As mentioned in the section "Adsorption test in microbalance and fixed-bed adsorption systems", methane was mixed with carbon dioxide to conduct the competitive adsorption tests. Breakthrough curves for adsorbing methane and carbon dioxide by packed and staggered fixed-bed adsorption systems are shown in Figure 8b . Comparing Figure 8a and b revealed that the breakthrough time for the competitive adsorption was shorter than that for a single component, and the difference was about 25 min. The result could be attributed to the fact that the breakthrough time was reduced with increasing the total amount of adsorbates under the constant amount of adsorbent. Figure 8b also showed that the rollover, C/C 0 > 1, was present for methane in the competitive adsorption because methane was displaced by carbon dioxide on the sites of the molecular sieve. Similar to Figure 8a , the breakthrough curves for CO 2 and CH 4 adsorbed by the packed fixed-bed adsorption system (particulate molecular sieve) were better than those by the staggered fixed-bed adsorption system (molecular sieve membrane) due to the closely packed particulate molecular sieve in the fixed-bed adsorber. Since the surface area and adsorption amount for the molecular sieve membrane were larger than those for the particulate molecular sieve, the amounts of adsorbed and desorbed CH 4 were also larger than for the particulate molecular sieve. Therefore, the rollover for CH 4 in the staggered adsorption system was higher than that in the packed adsorption system. The results for breakthrough curves in the competitive adsorption were consistent with adsorption isotherms and surface tests.
CONCLUSIONS
The adsorption isotherms can be obtained quickly from the microbalance adsorption system, and the characteristics of the molecular sieve affected by prepared variables were analyzed. The molecular sieves with the smaller pore size and the larger surface area were found to result from lower hydrothermal temperature. The rate of hydrolysis and condensation of sodium silicate were reduced by the addition of ethanol, and the structure of the molecular sieve membrane was denser. In addition, without the addition of ethanol, the structure of the molecular sieve membrane was looser and exhibited some cracking. Adsorption isotherms showed that the carbon dioxide adsorption capacities of the particulate molecular sieve and the molecular sieve membrane were favourable. On the basis of the same outlet fresh air, the breakthrough curve for molecular sieve membrane in the lower gas flow rate was closer to that for the particulate molecular sieve than the larger gas flow rate. The results for the competitive adsorption not only indicated that the affinity between carbon dioxide and molecular sieve was better than that between the molecular sieve and methane, but also showed that the results for breakthrough curves in the competitive adsorption were consistent with adsorption isotherms and surface tests.
